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Abstract

Models are used increasingly to predict long-term changes in soil organic matter (SOM).
Comparison with measured data is clearly desirable. We compared simulations of the mechanistic
ITE (Edinburgh) Forest (EF) and Hurley Pasture (HP) ecosystem models with experimental SOM
data from three long-term experiments: a 30 year old pine forest in South Carolina, USA, a 100
year old area of naturally regenerating woodland at Rothamsted in southeast England, and a 140
year old grass pasture subjected to various input regimes also at Rothamsted. EF’s model trees
died too readily during occasional periods of drought, so we cut out the water submodel! (which
includes leaching): the cut-down model simulated measured accumulation of C to within around
10% but greatly overestimated that of N, where leaching was in fact significant. Again, and for the
same reason (plant death during drought), we had to cut the water submodel out of HP: the
resulting simulations generally overestimated SOM-N, especially in treatments receiving nitroge-
nous inputs, and bracketed the measured SOM-C data. Simulated SOM levels responded rapidly to
organic and inorganic inputs, however, whilst measured data did not. We therefore rewrote the
SOM submodel to include protected and stabilised SOM pools, in an attempt to buffer the system.
The new submodel showed little effect of treatment, improved SOM-N simulations, but consis-
tently overestimated SOM-C. This mismatch between measurement and model may reflect nothing
more than too shallow a sampling depth.

We performed no site-specific parameter optimisation because: (1) the data sets are small; (2)
it is not clear how much of the SOM in the system is contained within the experimental sampling
depth; and (3) the models are mechanistic, with parameters reflecting real measurable properties of
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the systems they represent. In the absence of such tuning, the models should simulate other
relevant systems just as well as those presented here. © 1997 Elsevier Science B.V.
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1. Introduction

Changes in land use lead to changes in the quantity of carbon (C) stored in
the soil as soil organic matter (SOM). Because SOM-C pools are usually very
large and ecosystems are heterogeneous these changes are often hard to detect.
By the same token they are important. For both of these reasons they have
attracted the attention of modellers. There are many models which predict SOM
changes in arable systems (e.g. Li et al., 1994), somewhat fewer for grasslands
and pastures (e.g. Parton et al., 1987; Thornley et al., 1991; Hunt et al., 1994),
and fewer again for forests (e.g. Agren et al., 1991; Dixon et al., 1994). Nearly
all of these models take yield or production as their primary simuland; since
yield is most affected by the turnover of the more labile nutrient pools they
might therefore be expected to be more sensitive to short-term than to long-term
SOM dynamics. However, it is the long-term changes (over 20 years or more)
which may affect global climate. Evaluation against long-term data sets is
clearly desirable.

An opportunity to assess the performance of a range of models in predicting
long-term SOM changes in a number of arable and other ecosystems was
afforded by the GCTE (Global Change and Terrestrial Ecosystems) Soil Organic
Matter Network (SOMNET) of SOM models and long-term soil organic matter
experiments, coordinated from IACR—Rothamsted and funded by the UK Natu-
ral Environmental Research Council (NERC)’s Terrestrial Initiative in Global
Environmental Research (TIGER) and NATO (Powlson et al., 1996). Here we
report a comparison between several long-term grassland and forest SOM data
sets and the simulations of two ecosystem models, the Hurley Pasture model
(HP; Thornley and Verberne, 1989) and the ITE (Edinburgh) Forest model (EF;
Thornley, 1991; Thornley and Cannell, 1992). This comparison prompted a
rewrite of HP’s SOM submodel. The new version (SOM submodel 2) is
described in detail elsewhere (Thornley, 1997): here we present a brief outline
and compare its performance with that of the earlier version.

2. Models

The HP and EF ecosystem models are described in detail elsewhere (Thornley
and Verberne, 1989; Thornley, 1991; Thornley and Cannell, 1992). The greater
part of each model is devoted to a mechanistic account of the relevant plant
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physiology (Thornley, 1972, Thornley, 1981; Johnson and Thornley, 1985).
Trees are divided into foliage, branch, stem, coarse root and fine root compart-
ments, grass into four different age categories of root and leaf; flows of carbon
(C), nitrogen (N) and water between adjacent compartments occur in response to
concentration or water potential gradients across resistances determined by
compartment size; structural growth of the various compartments is governed by
local substrate concentrations and temperature. Since photosynthesis varies
rapidly, the fundamental time step is short (around 15 min for stability);
appropriate input data are generated from available measurements assuming
sinusoidal diurnal (and, if necessary, seasonal) waves.

2.1. SOM submodel 1

The relatively simple original soil submodel common to both models is
outlined by Arah (1996). The soil is treated as a single homogeneous layer with
the SOM compartments shown in Fig. 1. Carbon is cycled between biomass and
(dead) SOM with a respiration loss on each transformation; the N cycle is only
slightly more complex, with a pool, labelled ‘local N’ in Fig. 1, representing
that mineral N to which the biomass has privileged access. This pool is in partial
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Fig. 1. Original SOM submodel (submodel 1) common to the HP and EF ecosystem models.
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equilibrium with the bulk nitrate (NO; ) and ammonium (NH}) pools, which
are subject to the usual transformation and loss processes. The rates of all
microbially mediated transformations depend on the size of the biomass and
substrate pools, the temperature and the moisture potential; plant N uptake is
determined by the size of the (fine) root compartment, its nutrient status (a low
C:N ratio inhibits uptake), the mineral N concentration of the soil, temperature
and the moisture potential of the roots. Soil moisture potential is determined
from the moisture content using a simple power-law approximation to the
moisture characteristic curve.

2.2. SOM submodel 2

In the new treatment developed here and illustrated in Fig. 2, SOM exists in
three discrete fractions, labelled ‘unprotected’, ‘protected’ and ‘stabilised’. The
model is described in detail by Thornley (1997); here we merely present its
outlines. All biochemical reaction rates depend on temperature and moisture
potential. The forms of these modifier functions follow those of submodel 1
(Thornley and Verberne, 1989; Arah, 1996): the temperature modifier is a
quadratic which is zero at 0°C and unity at 20°C; the moisture potential modifier
is a sensitive exponential which is equal to unity at saturation (0 kPa) and
declines rapidly as moisture potential falls. The ‘standard’ reaction rate con-
stants which follow apply under conditions where both rate modifiers are equal
to unity (Thornley, 1997). Stabilisation of unprotected SOM is a first-order
process with a standard rate constant of 2 X 10~ d~'; stabilisation of protected
SOM is ten times slower. The SOM fractions have respective fixed C:N ratios of
15, 10 and a soil texture-dependent value between c. 17 and 20. Standard
mineralisation rate constants of SOM fractions are 1 X 1077, 5X 10™* and
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Fig. 2. New SOM submodel (submodel 2) for HP ecosystem model: mineral N and litter pools not
shown.
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1.5 X 107 kg~ ' biomass C d” ', respectively (the non-intuitive units arise as a
consequence of the model’s treatment of mineralisation as dependent on
biomass). Mineralisation produces soluble C and NH, (not shown in Fig. 1);
NH; is subject to nitrification (producing NOJ, also not shown) and the usual
uptake and loss processes; soluble C is also produced by root exudation and lost
by leaching. Biomass has a fixed C:N ratio of 8; growth depends on the
concentrations of soluble C, NH; and NOj (as well as temperature and
moisture tension); death releases soluble C, NH; and unprotected and protected
SOM in a ratio determined by the clay content of the soil. Shoot and root litter
pools (not shown) are divided into metabolic, cellulose and lignified fractions,
the latter two with fixed C:N ratios of 150 and 100, respectively; decomposition
of metabolic and cellulose fractions produces soluble C and NH;; lignified
fractions produce unprotected and protected SOM, again in a texture-dependent
ratio (Thornley, 1997).

The introduction of the three SOM pools follows the scheme proposed by
Verberne et al. (1990), modified to give better internal consistency. These extra
pools to some extent mimic those of the model Century (Parton et al., 1987),
which has performed well in the past. We thought it important to ditferentiate
between soil and surface litter pools because their environments are so different:
the surface pool is fed by shoot litter, generated by the plant component of the
model, and faeces where the pasture is stocked; soil litter derives from roots.
Soil microbial biomass plays a role in promoting some of the reactions in the
system, which is clearly reasonable (e.g. Christensen, 1996) and introduces
non-linearity. This latter feature may be very important.

2.3. Inputs and initial conditions

Both models were modified to accept daily weather data in the format
provided by SOMNET. The Pasture model (HP) was further modified to take
account of the irregular schedule of harvests, stocking and inputs (inorganic
fertilizer, organic manures and incorporated residues) to which the Park Grass
experiment has been subjected over the last 140 years (Poulton, 1996b).
Fertilizer applications were added to the appropriate mineral N pools. The
treatment of organic inputs varied depending on the SOM submodel. For
submodel 1, manure inputs were represented by appropriate C and N additions
shared between the SOM and faeces pools, fishmeal by additions to the SOM
and NH pools, and residues by addition to the litter pools. For submodel 2, all
organic residues were added to the partitioned litter pools and, in the absence of
better information, we took the cellulose and lignin fractions of both the added
farmyard manure and the incorporated residues to be 0.65 and 0.15, respectively
(Thornley, 1997) — the known C:N ratio of the total amendment then uniquely
determines that of the metabolic fraction — and we assumed fishmeal to be
entirely metabolic.
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Initial submodel 1 SOM-C and SOM-N concentrations were set equal to the
reported total C and N contents of the soil, with the much smaller biomass and
mineral N pools simply set at their default values. When setting the initial sizes
of the SOM pools of submodel 2 we took the initial concentrations of soluble C,
biomass C, unprotected SOM-C, protected SOM-C and stabilised SOM-C to be
in the ratio 1:400:800:8000:12000, these being close to theoretical equilibrium
values for fractions with their respective decay constants (Thornley, 1997).

3. Data sets

The SOM data sets employed in the SOMNET model evaluation exercise are
detailed elsewhere (Powlson et al., 1996; Smith et al., this issue). Here we
concentrate on a subset of the SOMNET sites, specifically those non-arable
‘core” data sets to which the HP and EF models are most applicable. The Forest
model (EF) was evaluated using data from the Calhoun experimental forest
(loblolly pine 1957—present; sampling depth 60 cm; Richter et al., 1996) and the
Geescroft Wilderness (natural afforestation 1885-present; sampling depth 23
cm; Poulton, 1996a), the Pasture model (HP) using the long-running Rothamsted
Park Grass experiment (grass pasture 1856—present, various inputs; sampling
depth 23 c¢m; Poulton, 1996b). Sampling depth is an important consideration
here: both models feature only one undifferentiated soil layer, which is assumed
to contain all the roots, biomass and SOM of interest. The Park Grass and
Calhoun forest sampling depths of 23 and 60 cm may be adequate for their
respective vegetation systems, but the 23 cm sampled at Geescroft is almost
certainly too shallow. The depth of the vegetation-influenced layer under forest
and pasture ecosystems deserves more study.

4. Results
4.1. ITE (Edinburgh) Forest model (EF)

When we ran the EF model using Calhoun’s weather (daily data or long-term
averages) the model trees died after about 10 years because the pressure
potential in their leaves fell below zero. We therefore cut out the water
submodel, eliminating leaching and setting the moisture potential rate modifier
equal to unity throughout, in order to produce the data shown in Fig. 3. The
model simulated SOM-C accumulation in the top 50 cm of soil tolerably well
given that we performed no parameter tuning, merely setting the initial values of
the soil SOM pools to approximate those observed. N accumulation was grossly
overestimated because no leaching occurred in the cut-down model. Were
leaching to have been simulated to any significant degree this would have
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Fig. 3. Calhoun experimental forest: measured SOM data and EF simulations (SOM submodel 1,
no water submodel).
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reduced the mineral N supply to the trees, leading to lower biomass accumula-
tion, reduced litter fall and lower (i.e. more realistic) levels of SOM-N. This
supposition is borne out by comparing measured with modelled C and N pools
after 30-odd years: the (cut-down) model overestimates foliage C and N by
around 25%, fine root N by a factor of 5 — the error increases as the distance
from the soil decreases (fine roots are in immediate contact with the N-saturated
soil; coarse roots, stems, branches and foliage are progressively more remote).
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Fig. 5. Rothamsted Park Grass: measured SOM data and HP simulations (SOM submodel 1, no
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Equivalent measured and modelled SOM data for the Geescroft Wilderness
site are shown in Fig. 4. Again, using the relevant weather data caused the
model trees to die within 20 years. Again, we cut out the water submodel.
Simulated C and N concentrations agree reasonably well with measured values
corrected for the changing bulk density of the surface layer (Poulton, 1996a),
suggesting that nitrate leaching was less important on this site than at Calhoun.
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14: mineral N. Symbols as Fig. 5.
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4.2. Hurley Pasture model (HP)

Running the HP model using real Park Grass weather data caused our model
plants to die during a 3 week drought in the 1870s. Again, we excised the water
submodel (and leaching with it) to obtain the data shown in Fig. 5; a persistent
and still unexplained computational overflow caused the model to crash in 1962.
Plot 13 received mineral N inputs until 1904, after which it embarked on a 4
year cycle of farmyard manure (year 1) and fishmeal (year 3) interrupted only
once in 1917; plot 3 received no mineral or manure inputs whatsoever; plot 14
received mineral N inputs alone (Poulton, 1996b). Simulated yields exceeded
measured yields by around 20%.

The first thing to be said about the SOM simulations presented in Fig. 5 is
that they do not match the real data very well. The second is that they do at least
make sense — SOM-C and N decline in those plots which have no inputs, they
increase slightly in the mineral N plots and more so in the plots receiving
organic amendments — whereas the measured data show no coherent trends.
We return to this point in Section 5.

Fig. 5 suggests that the SOM submodel (SOM submodel 1; Fig. 1) of the HP
ecosystem model is too responsive, or insufficiently buffered. It appears to need
damping. We therefore restructured the soil submodel as illustrated in Fig. 2 and
discussed above (SOM submodel 2). Data obtained using the new SOM
submodel (including the effects of water) are presented in Fig. 6. This time,
using monthly-averaged weather data, we were able to simulate the full 138 year
time course of the experiment.

Simulated yields averaged over all treatments and seasons were within 5% of
measurements (data not shown). Simulated SOM-C and N concentrations rose
and plateaued regardless of treatment, pointing to the dominant role of the plant
over other inputs. The fact that simulated SOM levels rise under all treatments
suggests that the initially sampled soil (0~23 c¢m) did not contain all the organic
matter necessary to sustain the plants — we return to this point in Section 5.
Although the simulated C values exceeded those measured in the top 23 cm, the
observed pattern of very little difference between treatments was reproduced
well by the model.

5. Discussion

All SOM simulations are summarised in Table 1. The first two rows indicate
the mean, w, and the standard deviation, o, of the ratios of simulated to
measured C and N data obtained using the EF model and both versions of HP.
All models overestimated SOM C and N, especially so in the case of the EF
simulation of soil N (not surprising since leaching was cut from the model). On
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Table 1
Summary of SOM simulations of EF and HP models

Model EF* HP1P HP2 ¢

Substrate C N C N C N
Ratios*
mean u 1.04 1.37 1.02 1.13 1.21 1.34
standard deviation o 0.16 1.15 0.15 0.20 0.12 0.18
Differences®
gradient, m 1.59 —-2.67 —=0.75 0.096 —-0.037 1.41
intercept, ¢ -0.99 0.29 1.07 0.066 2.32 -0.32
correlation, r? 0.920 —0.825 —0.507 0.192 —0.549 0.981

“ITE (Edinburgh) Forest model.

hHurley Pasture model with SOM submodel 1.

“Hurley Pasture model with SOM submodel 2.

“Simulated value divided by measured value — all sampling occasions.
“Simulated change, 8, as a function of measured change, A: § = mA + c.

the other hand, the overestimate is not large (it can to some extent be accounted
for by assuming that the depth of active soil exceeds the sampling depth) and the
standard deviations are generally quite small. Some of this apparent agreement
is deceptive, however, arising as it does from the setting of initial conditions to
match those reported.

A more stringent test is to compare simulated and measured changes in C
and N. Fig. 7 illustrates these data; the second part of Table 1 summarises them.
It is clear that no model performs particularly well. EF, which uses SOM
submodel 1, consistently overestimates measured changes in soil C and is
hopelessly adrift over N because of the exclusion of leaching; HP2 is marginally
more successful than HP1 in predicting changes in C, and much more so with
regard to N. This last fact may be a reflection of the fact that we were able to
run HP2 with its water submodel intact whereas this was not the case for HP1.

A fundamental problem besets any attempt to compare the output of the EF
and HP models with measured SOM data: the models work in units of kg C or N
m~? with no depth specified — these are the units required by global climate
models — while measured data are necessarily taken from soil sampled to a
particular depth. Since the depth of soil affected by ecosystem processes
occurring over tens of years may vary, model output and measurements are
strictly incommensurate. This, and the possibility that the Park Grass data set is
in some way atypical — 90 years of farmyard manure application, even at 4
year intervals, might certainly be expected to produce some change in SOM
levels — leads us to conclude that the mismatch between simulation and
measurement observed in these data sets is not as critical as it might at first
appear.
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Fig. 7. Summary of performance of EF and HP ecosystem models (both SOM submodels).

The existence of such uncertainty over so basic a question as the match
between what is measured and what is simulated legislates against any meaning-
ful attempt at site-specific parameter optimisation. The more complex a model
is, the more parameters it possesses. Where these parameters are insufficiently
determined by independent measurement at the level of the mechanistic assump-
tions underlying the model, it may be difficult to optimise them properly.
Moreover, the statistical significance of a particular fit is reduced when the
number of unknown parameters is raised: where that number actually exceeds
the number of data points it is impossible to obtain a statistically significant fit.
Both the EF and the HP models are large, with so many potentially optimisable
parameters that we would be unable even in principle to optimise them all using
the limited data sets available. Furthermore, the models are complex because
they purport to be mechanistic; their parameters are supposed to represent real
(measurable) properties of the system being modelled, and parameter tuning is
thus, anyway, acceptable only within fairly prescribed limits. A more satisfac-
tory approach would be to measure by independent means those parameters
suspected of being different at each particular site and to insert the appropriate
values into the relevant model. This approach being impossible in view of the






